Elucidation of the mechanism by which coronary flow is regulated has been attempted. Substances with coronary vasodilator or vasoconstrictor properties as well as those with inotropic or chronotropic effects on isolated frog hearts were sought in the coronary sinus blood of dogs. Blood draining normal, hypoxic or "overperfused" hearts was oxygenated in a dog lung or on a screen and perfused at a controlled pressure through a rotameter into a test coronary artery of the same or second dog; unoxygenated sinus blood was also perfused into an isolated beating frog heart connected to record heart rate and amplitude of contraction. No significant differences in flow rates were observed when the test artery was perfused with oxygenated coronary sinus blood as compared to flows metered during perfusion of the artery with arterial blood. Similarly, perfusion of unoxygenated coronary sinus blood into the isolated frog heart did not affect the rate or amplitude of contraction recorded during perfusion of the heart with arterial blood. These experiments, therefore, failed to demonstrate substances having vasoactive, inotropic, or chronotropic properties in the blood draining normal, hypoxic or "overperfused" dog hearts.
T HE mechanism by which coronary flow is regulated is obscure. Indirect evidence suggests that myocardial oxygen tension 1 is probably of paramount importance and may determine the rate of elaboration or alteration of myocardial metabolites having vasoactive or other biological properties. Vasodilator or vasoconstrictor substances may be involved, i.e., coronary dilation may result from either an increase in vasodilator or a decrease in vasoconstrictor metabolites.
This report is based on experiments designed to test whether these hypothetical materials, presumably of myocardial origin, are detectable in the coronary venous outflow from hearts in which the oxygen tension is experimentally varied. Coronary sinus blood draining the nor-mal, hypoxic, or the "overperfused"* myocardium was oxygenated and assayed for possible vasoactive properties in a test coronary artery, and for chronotropic and inotropic effects on an isolated frog heart. METHODS Dogs were anesthetized with morphine and pentobarbital or pentobarbital alone and artificially respired with room air given intermittently through an intratracheal tube. The left chest was opened between the fourth and fifth ribs and 250-300 mg. of heparin was injected intravenously. Three types of experiments were performed as follows:
Oxygenation of Blood from Coronary Sinus in Dog Lung. Three experiments were performed in which blood from the cannulated coronary sinus of a donor dog was collected in a beaker, transferred to an overhead reservoir and perfused into the cannulated pulmonary artery of an artificially respired, isolated dog lung where it was oxygenated. The blood was then collected from the left atrium and pumped 2 at a pressure of from 93-100 mg. Hg through a recording rotameter 3 into the cannulated common left coronary artery 4 of a third dog. Flow rates were compared with those metered when arterial blood from the donor animal was passed through the same oxygenator system and pumped at an identical pressure into the test artery. The respiration of the donor dog was then discontinued; coronary sinus blood from the resulting hypoxic heart was oxy-* The term "overperfused" is employed to describe experimental perfusion of the left coronary artery at a pressure considerably higher than aortic pressure. genated in the lung and its flow into the test artery of the recipient dog was measured and compared with the control flow of arterial blood through the same system. Samples of oxygenated blood were drawn during each flow measurement and analyzed for oxygen content by the method of Roughton and Scholander.
Three objections were raised to these experiments: 1. The possibility existed that vasoactive materials may have been added to or removed from coronary sinus blood by the lung oxygenator. 2. Other vasoactive compounds of noncardiac origin may have been elaborated into the circulation as a result of total animal hypoxia. 3. Vasoactive materials may have been destroyed during the 10 min. transit time from coronary sinus to test artery. Consequently, two additional types of experiments were designed in which a screen oxygenator was employed.
Autoperfusion and Screen Oxygenator. Six experiments were performed in which a portion of the blood from the cannulated coronary sinus of a dog was filmed over a screen oxygenator and pumped through a recording rotameter into a cannulated branch of either the anterior descending or circumflex coronary artery. The flow was compared with flows metered at identical pressures when the arterial blood was led from the carotid artery directly into the test artery, and when arterial blood was passed over the screen prior to entering the test artery.
The screen was of the type employed by Gibbon. 5 A single screen measuring 22 cm. wide and 59 cm. long was used. It was held vertically in a transparent plastic chamber whose inside measurements were 24 •cm. x 59 cm. x 12 mm. Blood was brought by a hydrostatic pressure of 13 cm. to the screen through both ends of a polyethylene tube anchored along the full width of the top. Distribution was effected through multiple small openings in the lower surface of the tube. Oxygen (100 per cent, or 95 per cent with 5 per cent CO 2 ) was admitted through two tubes, one placed at each edge of the screen and both 3.5 cm. from the bottom of the chamber. During the experiment the level of blood in the chamber was maintained at about 2 cm. from the bottom by adjusting a shunt leading to the jugular vein. The entire apparatus including tubing and rotameter required 140 ml. of blood of which 40 ml. were held in the bottom of the chamber and 40 ml. on the screen. The transit time as tested with nitroglycerin was 2 min. from coronary sinus to test artery response. Preliminary studies with bubble type oxygenators indicated extensive hemolysis resulting in maximum dilation of the test artery. Although slight hemolysis was present with the screen oxygenator, its degree was insufficient to interfere with these experiments.
In some experiments an attempt was also made to study the properties of coronary sinus blood draining a hypoxic myocardium. The left common coronary was cannulated and perfused from the left common carotid artery as shown in figure 1 . Clamp E was tightened to lower mean left coronary perfusion pressure as indicated on manometer D to about 60 mm. Hg to produce hypoxia in the muscle not perfused through the test artery. This frequently resulted in an increase in test artery flow even while it was perfused with arterial blood. This elevation in flow was related to the volume of retrograde flow from the test artery, and hence was probably due to flow through collateral vessels from this artery to the surrounding vessels where pressure was lower. Since this variable could not be controlled in the single animal preparations, cross perfusion experiments were designed.
Cross-Perfusion and Screen Oxygenator. In 7 experiments a donor dog was prepared as follows. The left common carotid artery was cannulated and connected through the previously described pump and pressure chamber 2 to the cannulated common left coronary artery. 4 The coronary sinus was cannulated and the blood was directed into the screen oxygenator. The animal and oxygenator were raised to near the ceiling of the room to establish a hydrostatic pressure difference of 100 mm. Hg in respect to the lower recipient animal. A second pump was thereby avoided. The blood from the oxygenator flowed by gravity through a recording rotameter into the cannulated circumflex test artery of the recipient clog. The arterial pressure of the recipient animal was maintained at 100 mm. Hg with an aortic clamp and by bleeding from the carotid artery into an overhead flask. Withdrawn blood was periodically replaced into the donor. Flow rates into the test artery were measured with: (1) the recipient's own arterial blood from his carotid artery, (2) arterial blood of the donor after passage over the screen (this flow served as a control), (3) oxygenated coronary sinus blood from the normally oxygenated heart of the donor, (4) oxygenated coronary sinus blood from the donor heart made hypoxic by reduction of common left coronary perfusion pressure to about 60 mm. Hg, and (5) oxygenated coronary sinus blood from the donor heart whose left coronary artery was perfused at a pressure of ISO mm. Hg. The oxygen content of blood perfusing the test artery was determined by the method of Neill and Van Slyke during each flow measurement. Flow rates and blood oxygen content were compared with the control values measured when the donor's arterial blood was passed over the screen; experimental values were calculated as per cent of control and contrasted with those measured following the release of the test artery from a 15 sec. period of complete occlusion. Transit time from coronary sinus to test artery was 2 rain.
Tests on Isolated Frog Heart. In an effort to investigate the possibility of a substance in coronary sinus blood with inotropic or chronotropic properties two experiments were performed in a frog heart. The donor clog was prepared with cannulations of the common left coronary artery and coronary sinus as in the previous experiments. A modified Straub cannula of small volume was inserted through the aorta into the ventricle of a frog heart which was perfused at a pressure of 4.5 cm. of blood with (1) arterial blood from the donor dog, (2) coronary sinus blood from the normally oxygenated donor heart, and (3) coronary sinus blood from the heart made hypoxic by a reduction of common left coronary artery perfusion pressure to 60 mm. Hg. The amplitude and rate of contraction of the frog heart were recorded on a drum by a lever tied to the cardiac apex during each of the perfusions and compared. The transit time from coronary sinus to frog heart was 35 sec.
RESULTS
Oxygenation in Dog Lung. Figure 2 shows the average results in the 3 experiments in which oxygenation was effected in a dog lung. Perfusion of oxygenated coronary sinus blood from the normally oxygenated myocardium into the test artery slightly reduced average flow to 86 per cent ( fig. 2B ) of the control flow ( fig. 2 A) with arterial blood after its passage through the lung. Average perfusion pressure was 93 per cent of control and average blood oxygen content was 109 per cent of control. Perfusion of oxygenated blood from the myocardium of the hypoxic dog into the test artery induced no alteration in flow ( fig. 2C ) when compared with the control (fig. 2.4) ; perfusion pressure and oxygen contents were also practically identical. In the test animal both aortic pressure and left ventricular oxygen consumption remained constant.
Autoperfusion and Screen Oxygenator. In 6 experiments when blood from the coronary sinus of the normally oxygenated myocardium was oxygenated on a screen and perfused into a test artery of the same animal, the average blood flow was 103 per cent (range 95-121) of the control flow measured when the animal's arterial blood was passed over the screen and into the test artery; the average oxygen content of the oxygenated sinus blood was 98 per cent (range 95-121) of control. This physiologically insignificant alteration in flow was in sharp contrast to the average 188 per cent (range 88-326) increase in flow above the control following release of the test artery from a 15 sec. period of complete occlusion. When the animal's arterial blood bypassed the oxygenator and directly perfused the test artery, the average flow was 97 per cent (range 82-112) of control and oxygen content was 87 per cent (range 77-95) of control.
Cross-Perfusion and Screen Oxygenator. The results of these experiments are displayed in Mean test artery inflow, perfusion pressure and blood oxygen content (ordinate) are expressed as per cent deviations from the control (A) in which donor arterial blood was passed over the screen prior to its perfusion into the test artery. B. Recipients-arterial blood metered into his own test artery without passage over screen. C. Oxygenated coronary sinue blood from normal donor hearts. D. Oxygenated coronary sinus blood from hypoxiedonor hearts. E. Oxygenated coronary sinus blood from donor hearts in which left coronary artery was perfused at 180 mm. Hg. F. Release of test artery from a 15 sec. period of complete occlusion. found in the autoperfusion experiments. Oxygenated sinus blood from the hypoxic heart behaved similarly ( fig. 3D) ; average test artery flow was 112 per cent (range 93-153) of the control and the oxygen content was 6 per cent less than control. When blood draining the overperfused donor heart was oxygenated and perfused into the test artery ( fig. SE) flow was 98 per cent (range 92-104) of control and the oxygen content was only slightly higher than control. Perfusion of the recipient dog's arterial blood directly into the test artery ( fig. 3B ) resulted in no essential change in flow from the control measured with donor arterial blood after its passage over the screen. In contrast to these physiologically and statistically insignificant alterations in flow, there was a marked increase in flow to 285 per cent of control following release of the test artery from a 15 sec. period of complete occlusion.
Tests on Isolated Frog Heart. When perfused with either arterial blood from the donor dog or with blood from the coronary sinus of the normally oxygenated myocardium of the donor dog the activity of the frog heart remained relatively stable for several hours; when perfused with sinus blood from the hypoxic donor heart, activity remained constant for several minutes before a slight depression of the amplitude of contraction became apparent. The heart rate was unchanged. DISCUSSION These results indicate that when raised to an arterial level of oxygen content by a lung or a screen type oxygenator, coronary sinus blood draining the normal, hypoxic, and overperfused myocardium lacks vasoactive properties when tested from 2 to 10 min. after its exit from the heart; inotropic and chronotropic properties in respect to the frog heart are similarly absent. The statistically insignificant decrease in flow observed in figure 2B with oxygenated sinus blood from the normal heart is probably due to the slightly elevated oxygen content and the lower perfusion pressure; the 10 and 12 per cent increases in flow shown in figure 3C and D, which were metered during the perfusion of the test artery with oxygenated blood from normal and hypoxic hearts respectively are probably due to the slightly lower oxygen contents. The flow increases under all circumstances are indeed small when compared with those large physiologic responses induced by a brief period of coronary occlusion.
A question may be raised as to the degree of hypoxia induced in these hearts when left coronary artery perfusion pressure is reduced to 60 mm. Hg. The fact that further reductions in perfusion pressure were accompanied by a rapid decline in mean arterial pressure indicates that the hypoxia was marked and probably far more severe than that required to increase coronary flow subsequent to physiologic increases in myocardial oxygen requirements. Furthermore, oxygenated coronary sinus blood from dogs with generalized anoxia did not affect test artery flow in the recipient animal.
Tests on blood from the heart perfused at 180 mm. Hg were performed to investigate the question whether vasoconstrictor substances are elaborated from an "overperfused" myocardium. Figure 3E indicates lack of evidence for such a material. It is realized that vasoconstriction, had it occurred, would have meant either increased quantities of vasoconstrictor materials or decreased amounts of vasodilator substances.
The conclusion is drawn that, under the experimental conditions described, blood from the coronary sinus contained no detectable quantity of vasoactive substances which regulate coronary resistance and flow. Such materials, if present in the myocardium, either do not enter coronary venous blood, are destroyed by the process of oxygenation or are inactivated by the blood itself during the brief period required for bioassay. SUMMARY Venous blood draining normal, hypoxic and overperfused hearts of anesthetized dogs was oxygenated in a dog lung or screen oxygenator and perfused at controlled pressure into a test coronary artery of the same or recipient dog. Flow rates into the test artery were compared to those metered during perfusion of arterial blood into the same artery after passage of the blood through the same oxygenators. No significant differences were found.
Venous blood from normal and hypoxic hearts was perfused into an isolated beating frog heart. When heart rate and amplitude of contraction were compared to those measured during perfusion with arterial blood no differences were observed.
Hypothetical metabolites considered to be responsible for the regulation of coronary flow were not detected in oxygenated coronary venous blood. 
Distensibility of Systemic Resistance Vessels
It would seem an axiomatic hydraulic fact that increase in pressure within the arterial tree must passively distend the small resistance vessels as well as the large distributing ones. However, meticulous studies of pressure-flow relations have shown that a number of factors may invalidate such a conclusion. These are (1) peculiarities of morphologic structure, (2) reactive contraction of smooth muscle to higher pressures and (3) alterations in effective viscosity of blood.
By a series of discriminatory experiments on perfused hind limbs of cats, Folkow and Liitving agree with investigators who concluded that the systemic vessels concerned in peripheral resistance display a considerable degree of passive distensibility, except when intensely constricted by active muscular contraction. However, such passive distention is often more or less balanced by adaptive changes in smooth muscle tone; therefore, pressure-flow curves constructed from experimental data vary considerably in their contours.
Having presented logical deductions from their careful experiments, the authors attempt to illustrate the importance of basic hemodynamic studies such as theirs. Unfortunately their choice of illustrations is questionable. For example, they suggest that partial occlusion of a main artery may cause so great a compensatory release of vascular tone that any decline of arterial pressure causes an elastic recoil and thus reduces flow out of proportion to a drop in pressure. Their practical application would perhaps have been more pertinent to some organ or structure other than the brain, whose vessels exhibit very feeble vasomotion.
Likewise, they properly point out that conclusions drawn from the behavior of a normal vascular bed at increased tone and acutely exposed to a higher pressure cannot be applied to chronic hypertension because vascular distensibility is reduced through hypertrophic and sclerotic changes For details see B. Folkow and B. Liitving, Acta physiol. scandinav. 38: 1, 1956. 
